Quantum mechanical interference effects in the line broadening of intra-shell transitions are investigated for dense plasma conditions. Simulations that involved LSJ-split level structure and intermediate coupling discovered unexpected strong line narrowing for intra-shell transitions L-L while M-L transitions remained practically unaffected by interference effects. This behaviour allows a robust study of line narrowing in dense plasmas. Simulations are carried out for XUV transitions of aluminum that have recently been observed in experiments with the FLASH Free Electron Laser irradiating solid aluminum samples with intensities greater than 10 16 W/cm 2 . We explore the advantageous case of Al that allows first, simultaneous observation of M-L transitions and L-L intra-shell transitions with high resolution grating spectrometers and, second, has a convenient threshold to study interference effects at densities much below solid. Finally we present simulations at near solid density where the line emission transforms into a quasi-continuum.
I. INTRODUCTION
In the past few years, technological progresses allowed to make available to the scientific community the 4 th generation light sources, namely the Free Electron Lasers (FELs). The FEL is a unique source of light: 10 12 photons per pulse, photon energy in the XUV/X-ray range, pulse duration down to femtosecond time scale, high repetition rate (10-120 Hz) and easily tunable photon energy. The outstanding combination of these parameters has initiated a world-wide interest to FEL's in planetary science [1] , astrophysics [2] , inertial confinement fusion [3] , high energy density physics [4] and to study exotic states of matter never created in laboratories so far [5, 6] .
As the plasma frequency of XUV photons is above solid density, the FEL radiation penetrates deep into the solid and allows therefore volumetric heating (in contrast to optical laser radiation that is absorbed at the surface critical density much below solid). At intensities larger than about 10 16 W/cm 2 XUV/X-ray FEL radiation may deplete completely certain electronic states via photoion-ization [7, 8] . As the pulse duration is of the order of the autoionization rate, hollow ion states are formed via successive photoionization [5] , and solid matter can practically instantaneously transformed into an exotic state of matter: a hollow crystal [6, 9] . Although photoionization is a well understood energy deposition mechanism, the mechanisms of subsequent energy equilibration and matter heating that induced the transition from solid to Warm Dense Matter to strongly coupled dense plasma is not well explored.
Under such conditions high resolution XUV/X-ray spectroscopy (gratings and Bragg crystals) is an important method to obtain plasma information independent of simulation. In particular, it permits to study the disintegration of crystalline order and material heating as has been demonstrated recently [9] : electron densities n e of about 10 22 -10 23 cm −3 and electron temperatures of T e ⇡ 30 eV have been inferred from the analysis of intensities of M-L and L-L transitions in multiple excited aluminum ions. This analysis allowed also to qualitatively infer the temporal evolution of the heated sample (disintegration of crystalline order).
In the present work, we investigate the complex line broadening of L-L intra-shell transitions to make use of the information contained in the contour shape of the M-L and L-L transitions of Al III and Al IV that corresponds to the emission of the type
5 M m +h⌫ with m = 2 and 1. Detailed calculations are carried out with the PPP code [10, 11] , that provides fast and accurate line profiles in plasmas for very complex transition arrays. PPP accounts for all the main mechanisms of line broadening: lifetime broadening due to spontaneous emission, Stark broadening. Particular attention is payed to interference effects [12] which turned out to be a major player for the contour shape analysis [13, 14] .
II. INTERFERENCE EFFECTS IN LINE BROADENING THEORY
The line shape function in the radiative dipole approximation is related to the imaginary part of the Fouriertransformed dipole autocorrelation function. This can be written as a normalized Liouville space-matrix element of the response function:
where ⇢ 0 is the equilibrium density matrix operator for the active quantum system and D is the dipole operator for the emitting quantum system. The response function, G(z), is given by the one-sided Fourier transform of the bath-averaged evolution operator of the emitter U (t),
L is the Liouville operator for the emitter evolution alone. If the interaction fluctuations or collisions are random, a stochastic Liouville equation (SLE) must be solved to obtain U (t)=<U l (t) > l2L in order to deduce G(z):
where l is a given time-dependent function of the functional space L. In Eq. 3, the Liouville operator is given by:
, where L 0 represents the full complex atomic system of the unperturbed atom and the Stark effect is represented by L l (t)=− 1 D · E l (t)w h e r e the electric microfield is created by both surrounding electrons and ions, i.e, E l (t)=E e,l (t)+E i,l (t).
This SLE can be solved either exactly or to a good approximation, only in a few well-known cases. For example, an analytical solution is obtained for the impact limit in which short and rare binary collisional events occur between emitters and perturbers and the mean time between collisions is much longer than the collision time. The second example concerns the static limit where the perturbing ion microfields, acting on emitters, are constant during the radiative process and are well characterized by a probability density. In most of the theoretical models of spectral line shapes in plasmas [15] , the time dependence of the perturbation is eliminated, resulting in a spectral line shape that has pure homogeneous and inhomogeneous contributions and that is described by a simple sum of independent electron-impact broadened static components. In this paper, the PPP code developed to provide line profiles for arbitrary atomic systems in a plasma for a large range of conditions, has been used, assuming that the plasma and atomic structure parameters are such that the static ion micro field approximation and the model of a binary collision electronic operator are valid. In this case the quantum-emitter system evolution operator in Eq. 1 contains in the Liouville operator a non-Hermitian, homogeneous electron-impact broadening contribution, which is numerically averaged over the ion microfield interaction with a stationary-field probability distribution [16, 17] . This procedure yields to a spectral line-shape function that can be written as a sum of rational fractions or generalized Lorentzian spectral components of the line, characterized by a complex frequency and intensity (they are complex, because the non-Hermitian collision operator is used to describe the impact electrons). The electronic collision operator is calculated in the framework of a binary collision relaxation theory. An element of this operator is written as the sum of three terms [18] :
with ∆! αβ = !−! αβ , ! αβ being the frequency difference between the states ↵ and β. The two first terms are sums over the perturbing states ↵ 00 and β 00 .I f↵ = ↵ 0 and β = β 0 , they are diagonal and they couple a transition ↵−β with itself, they correspond to the atomic scheme shown on Fig. 1a .
The extra-diagonal terms corresponding to the atomic scheme on Fig.1b appear to be negligible. The third term which is also extra-diagonal, represents the interference effect between the subsets ↵ and β. It couples a transition ↵ − β together with a different transition ↵ 0 − β 0 . A schematic representation is given on Fig.1c . If these terms are negligible, the collisional operator is diagonal and the interaction operator accounting for ionic Stark effect in the working-subspace |↵β is block-diagonal, reducing the working matrices and making the final calculation easier. The profile is then a sum of ionic Stark components broadened homogeneously by electrons. When it is impossible to neglect extra-diagonal terms, calculations can become very cumbersome. In general terms, their effects on the spectral line shape is a reduction of the electronic line width due to the mixing between the involved radiative transitions.
The function G(!) depends on the density, n e , and temperature, T e , of the plasma and is calculated to second order in the radiation-electron interaction. In this
Atomic schemes corresponding to: 1a diagonal terms of electronic broadening operator, 1b extra-diagonal terms of electronic broadening operator and 1c interference terms.
paper an expression for G(!) based on a modified semiclassical model, in which a strong-collision term C is added to the semi-classical term [19] , is used:
where y is given by:
In this expression, n is the principal quantum number of state ↵, z is the charge of the ionic core, ! p is the plasma frequency and E H is the ionization energy of atomic hydrogen. An impact parameter cutoff at b = v/! αα 00 has been introduced in order to take into account that the integrand of the thermal average contains oscillating exponentials of the frequency difference ! αα 00 in case of nondegenerate systems. In the following, the impact limit expression G(! = 0) has been taken, in order to accelerate the line shape calculations [10] . We have checked this approximation for the transitions originating from the configurations
2 in aluminum, of particular interest in this paper, and found negligible difference when the frequency dependence has been taken into account. Fig. 2 They have been calculated with the relativistic multicongurational atomic code FAC [20] including LSJsplit level structure and intermediate coupling. The stationary-field probability distribution is obtained by the APEX model [16, 17] . Particular attention has to be paid to non-LTE populations (dynamic line shapes) and atomic structure of the [6, 21] . Therefore, LTE-populations can only be achieved for electron densities above solid density and non-LTE level populations have to be considered for almost all parameters of practical interest. However, it has been shown recently [22] with detailed collisionalradiative population kinetics involving all LSJ-split autoionizing levels that excited states coupling effects drive the autoionizing states K 2 L 7 M 2 to Boltzmann populations for densities larger than only n e = 10 21 cm −3 .T h i s indicates that the LTE assumption is also justified for the M2-states for the parameters considered in this paper. Therefore all PPP-calculations have been carried out invoking LTE-populations although the code in principle can treat also non-LTE level populations.
III. RESULTS AND DISCUSSION
A. Calculations:
The first set of Stark broadening calculations involves transitions of type
The first type of these transitions has a very low photon relaxation time (order of 0.1 − 1 ns) and is therefore also sensitive to the long lasting recombination regime. Time integrated spectra might therefore show a much lower average temperature than the M2-states [9] . We therefore performed simulations also for temperature down to 8 eV for the M1-states. The simulations involved all 36 states associated with the K 2 L 7 M 1 -configuration that produced about 200 electric dipole transitions between 7.75 and 32.6 nm. The ionic Stark effect has been taken into account for all the cases. When necessary 50 fields have been chosen to describe the ionic electric field distribution function obtained by the APEX method. This configuration allowed us to work with the whole atomic system when interference terms are taken into account. Typically, the run time on a single core of an Intel R Xeon R CPU E5630 at 2.53 GHz ranges between 30 sec to 5 min, depending on electron temperature and density. Fig. 3 shows the variation of the spectral distribution for fixed electron temperatures T e = 8, 30 eV but different electron densities n e = 10 21 ,3⇥ 10 21 ,5⇥ 10 21 cm −3 . Fig. 4 shows the same calculations but for fixed density and different temperatures. Solid lines include interference effects whereas dashed lines do not take into account interference effects.
Figs. 3 and 4, show that intra-shell L-L transition (around 26 nm) are negligible compared to the Al IV lines (at 13.1 and 16 nm, M-L transitions) at about 8 eV electron temperature. At about 30 eV, the emission from 2p ! 2s states starts to be important and is even more intense than M-L transitions. This is mainly due to the exponential factor in the Boltzmann populations because the ionization potential of the 2s electrons are much larger than those of the 2p electrons. As  Figs. 3 and 4 show, intra-shell transitions are negligible at 8 eV.
The second set of calculations involves transitions of the type
These transitions play an important role in the analysis as their time scale ⌧ is determined by the large autoionizing rate Γ (order of 10 13 − 10 15 s −1 ) rather than the slow radiative decay rates A (order of 10 9 − 10 10 s −1 ) [23] :
Due to this fast time scale, the observed emission is related to the high density plasma just after the laser pulse: T e ⇡ 25 eV and n e ⇡ 10 22 cm −3 respectively [9] . The calculations of the K 2 L 7 M 2 -configuration are rather complex: about 250 different energy levels have been considered, providing more than 5500 electric dipole transitions in the range between 7.75 and 32.6 nm. The large number of transitions has a critical impact on the run time: we optimized the number of field and transition groups to give a solution in a reasonable amount of computational time. First, Stark ionic effect has been taken into account by using a unique ionic electric field set to the mean value of the field distribution, as shown in Fig. 5 . It has been checked that due to the huge number of Stark transitions involved in the profiles of interest, the main overall feature of the ionic Stark effect is well reproduced by using only one field. Second, 50 transitions have been grouped together to consider the overwhelming part responsible for interference effects while keeping a reasonable computer time. The run time was thus between 6-8 days per pair of temperature and densities on the same computer than used in section III A. Fig. 6 shows the variation of the spectral distribution for fixed electron temperatures T e = 10, 25, 100 eV but different electron densities n e =5⇥ 10 21 , 10 22 ,2⇥ 10 22 cm −3 . Fig. 7 shows the same calculations but for fixed density and different temperatures. As before, solid lines include interference effects whereas dashed lines do not take into account interference effects.
We would like to emphasize that these calculations, for either
configurations, have been performed assuming the electrons to be a non-degenerate gaz. To account for more extreme state of matter, where the temperature is lower than those used in our calculations, for example, the populations need to be described by a Fermi-Dirac distribution, which significantly increases the complexity of the atomic model.
C. Discussion on interference effects
Calculations taking into account interference terms for Figs. 3 and 4) show an important behaviour: interference terms strongly affect the intra-shell L-L transitions while leaving almost unaffected the M-L transitions. As can be seen from the figures, the interference effects lead to a considerable narrowing of the L-L emission group near 26 nm. For configuration of the type K 2 L 7 M 2 similar effects are observed. Fig. 6 and 7 show a strong line narrowing for L-L transitions while M-L transitions remain almost unaffected by interference effects.
The difference in contributions of the interference effects between the resonance M-L and intra-shell L-L transitions is based on their respective electronic configuration. The line broadening increases as n 4 where n is the principal quantum number of the excited electron responsible for the emitted line. In the particular case where there are several excited electrons, each excited electron (optical or spectator electron) contributes to the relaxation process and its contribution is more or less important depending on n. Moreover, the interactions between the optical and spectator electrons result into a splitting of the no-interaction line into a set of overlapping transitions which are dynamically coupled together by the embedding plasma. Ignoring this coupling (or interference terms) to calculate the line broadening will result into a sum of overlapping Lorentzians whose width will depend on n and the electronic density n e . Accounting for the dynamic coupling leads to a mixing and a coalescence of the overlapping transitions. This effect results from a compromise between the splitting width and the degree of overlapping of the lines involved in the splitting pattern.
In the present study, considering the intra-shell transitions, the contribution of the spectator electron for which n = 3 is much more important than that of the active electron for which n = 2. The dynamical interferences lead to a reduction of the spectator electron effects. In the high density limit the split transitions coalesce to the no-interaction line, and the broadening tends to the n = 2 limit instead of n = 3. According to this remark, one can infer that the resonant transitions 1s 2 2s 2 2p 5 3l ! 1s 2 2s 2 2p 6 for which there is no spectator electron beside the n = 3 active electron, will show no interference effects. Concerning the satellite lines 1s 2 2s 2 2p 5 3l3l 0 ! 1s 2 2s 2 2p 6 3l 0 ,an = 3 spectator electron is present beside the n = 3 active electron but the interference effects are minimized as the two excited electrons have a similar contribution to broadening. The effects of the interference terms on the intra-shell transitions are very strong and they increase with the density. They are stronger for the K 2 L 7 M 1 configuration than for the K 2 L 7 M 2 configuration as for the latter the splitting pattern is larger due to the presence of two spectator electrons. Thus, for the same density (for the same magnitude of the coupling terms) the line mixing effects are smaller. According to this remark and comparing the importance of the line narrowing in both cases for the same density, make us confident in the approximation made to calculate the K 2 L 7 M 2 configuration. This observation allows direct studying of interference effects under real experimental dense plasma conditions: as L-L and M-L transitions in aluminum can be simultaneously observed with a single grating spectrometer, simulations with/without interference effects can directly be compared with the data. It is important to point out that the M-L transitions serve as calibration lines (that are almost of similar shape with/without interference effects). If only L-L transitions can be observed, an independent density diagnostic is requested which is extremely difficult to realize under real experimental conditions at FELs. Fig. 8 shows the general trend of the ratio between the intensity maximum of intra-shell L-L lines around 26 nm that include interference terms over the intensity of the same transitions without the interference terms. In the graph on the left, that shows the ratio with respect to the electron density for 3 different temperatures, we observe almost straight lines. The graph on right of Fig 8 shows the same ratio with respect to temperature. The large ratios clearly show the importance of interference effects: it does not lead to some corrections to the overall line shape but changes entirely the spectral distribution and even relative line ratios up to factors of about 4.
D. Quasi-continuous emission
As can be seen from Figs. 4 and 7 the line broadening related to the configuration K 2 L 7 M 2 is much more pronounced compared to the K 2 L 7 M 1 configuration. The additional screening electron increases the number of atomic levels resulting in a higher sensitivity to plasma electric fields. Fig. 7 shows, that at densities larger than about 10
22 cm −3 a quasi continuum forms. Depending on the electron temperature the continuum slope might be considered being positive or negative. These observations will have important impact when extracting the electron temperature from the continuum radiation (Bremsstrahlung or Planck radiation).
IV. CONCLUSION
Complex line broadening simulations have discovered important line narrowing effects for intra-shell transitions due to interference effects. The simultaneous consideration of M-L and L-L transitions shows that M-L transitions are almost unaffected. This suggests that both the simultaneous observation of the resonant and intrashell transitions can be used to study the interference effects in FELs/matter interaction. The study of
and K 2 L 7 M 2 configurations revealed that line broadening and interference effects show up at much lower densities for M2 compared to M1. A further advantageous property to employ M2-configuration for the analysis of data is that high auto-ionizing rates of the multiple excited M2-levels reduce the characteristic photon emission time scale down to fs scale. (bottom), ne =3× 10 21 cm −3 (middle), ne =1 0 22 cm −3 (top) and temperatures of Te =8e V( b l u e ) ,T e = 30 eV (red). Curves are plain for calculations with interference terms and dashed when not taken into account. Each curve is normalized to the peak intensity of the transitions around 16 nm for comparison purpose. A zoom of regions delimited by black dash rectangles is shown on the right side. Field strenght
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Field distribution calculated using the APEX method [16, 17] respectively. Values are normalized to the mean electronic field E0. In this example, the mean value of 1.43 is used and describes the single field that runs the calculation with interference terms instead of the full distribution (blue curve). d d l e ) ,T e =1 0 0e V( t o p )a n dd e n s i t i e so fn e =5× 10 21 cm −3 (blue), ne =1 0 22 cm −3 (red), ne =2
× 10 22 cm −3 (green). Curves are plain for calculations with interference terms and dashed when not taken into account. Each curve is normalized to the peak intensity of the transitions around 16 nm for comparison purpose. A zoom of regions delimited by black dash rectangles is shown on the right side. T e = 100 eV, with interf. T e = 100 eV, without interf. T e = 25 eV, with interf. T e = 25 eV, without interf. T e = 10 eV, with interf. T e = 10 eV, without interf. 
